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We have applied positron annihilation spectroscopy to show that 2-MeV electron irradiation at 300 K creates
primary Ga vacancies in GaN with an introduction rate of 1 cm21. The Ga vacancies recover in long-range
migration processes at 500–600 K with an estimated migration energy of 1.5~2! eV. Since the native Ga
vacancies in as-grown GaN survive up to much higher temperatures~1300–1500 K!, we conclude that they are
stabilized by forming complexes with oxygen impurities. The estimated binding energy of 2.2~4! eV of such
complexes is in good agreement with the results of theoretical calculations.
DOI: 10.1103/PhysRevB.64.233201 PACS number~s!: 61.72.Ji, 61.82.Fk, 66.30.Lw, 78.70.Bj
Gallium nitride and its alloys form a class of important
semiconductor materials for applications in optoelectronics
at blue wavelength and electronic devices operating at high
temperature and high voltage. The growing interest in intrin-
sic point defects in GaN is stimulated by their role in deter-
mining the electrical and optical properties of the material, as
well as by their importance and behavior in various process-
ing steps such as ion implantation and thermal annealing.
Theoretical calculations predict that Ga vacancies and related
complexes form the predominant class of point defects in
n-type GaN.1,2 These defects have been experimentally ob-
served by positron annihilation spectroscopy.3,4 Ga vacancies
are electrically active acceptors, and involved in the optical
transition leading to the emission of yellow luminescence
light.1,3
Although Ga vacancies have been observed as important
native defects, the experiments so far have given only lim-
ited information on their formation mechanism during the
crystal growth. According to calculations, both isolated and
complexed Ga vacancies are abundantly created inn-type
GaN, and the binding energies of associated vacancy-
impurity complexes such asVGa-ON andVGa-SiGa have been
theoretically estimated.1,2 However, it is not known whether
isolated or complexed vacancies are stable at growth tem-
perature~typically .1300 K! or survive during the cooling
down of the crystals. The thermal stability of defects associ-
ated with Ga vacancies is determined by the migration and
binding energies, but no previous experimental estimates ex-
ist for these quantities in GaN.
Electron irradiation is a very valuable technique to intro-
duce basic point defects in a controlled way. The annealing
treatments of the irradiated material yield important informa-
tion on the thermal stability of isolated intrinsic point de-
fects. Such knowledge can be compared with the properties
of native defects present in as-grown material in order to
understand their atomic structure and formation mechanisms
during the growth. In GaN, electrical experiments have
shown that 0.7–1.0-MeV electrons create intrinsic donors
and acceptors at equal rates of about 1 cm21.5 Since elec-
trons at these energies induce displacements mainly in the N
sublattice, the donor and acceptor defects have been attrib-
uted to N vacancy and interstitial, respectively.5 After irra-
diation with .1-MeV electrons defects in the Ga sublattice
can also be expected. Indeed, Chowet al.6 used optical de-
tection of electron paramagnetic resonance~ODEPR! to ob-
serve interstitial Ga atoms after such irradiations. At 300 K
the Ga interstitials are trapped by other defects,6–8 perhaps
by the oxygen atoms present as impurities in GaN.6,9 The
creation of Ga interstitials should be accompanied by the
formation of vacant Ga lattice sites, which have, however,
escaped direct experimental observation so far.
In this Brief Report we apply positron annihilation spec-
troscopy to identify defects formed in the 2-MeV electron
irradiation of GaN bulk crystals. Positrons are trapped at
neutral and negative vacancies because of the missing posi-
tive charge of the ion cores. The reduced electron density at
vacancies increases the positron lifetime. We show that
2-MeV electron irradiation at 300 K creates Ga vacancies
with an introduction rate of 1 cm21. The Ga vacancies re-
cover in heat treatments at 500–600 K. Since the ODEPR
experiments6 indicate that Ga interstitials are stable and
trapped by other defects at these temperatures, we conclude
that Ga vacancies become mobile and recover in long-range
migration processes with an activation energy of 1.5~2! eV.
Since native Ga vacancies formed during the crystal growth
of GaN are stable up to much higher temperatures~1300–
1500 K!, we conclude that they are complexes with oxygen,
and estimate their binding energy to be 2.2~4! eV.
Bulk GaN crystals were grown at a nitrogen pressure of
1.5 GPa and a temperature of 1500 °C.10 Semi-insulating
Mg-doped samples were chosen for the experiment, since
these are free of native Ga vacancies as shown earlier.11
The Mg and O concentrations of the samples were@O#
'@Mg#'1020cm23, according to secondary-ion-mass
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spectrometry.11 The samples were irradiated with 2-MeV
electrons at 300 K to two fluences ofF5331017 and 1
31018cm22. To study the recovery of irradiation-induced
defects and the temperature dependence of the positron life-
time spectrum simultaneously, we annealed the samples at
temperaturesTann, and thereafter measured positron life-
times as a function of measurement temperatureTmeasfrom
80 K up toTann250 K. The 30-min annealings were donei
situ in the 1023-mbar vacuum of the positron measurement
cryostat.
The positron lifetime experiments were performed using
conventional instrumentation~a time resolution of 230 ps!
and a 30-mCi 22Na positron source deposited onto a 1.5-mm
Al foil. 12,13 After subtracting the constant background and
positron annihilations in the source material~210 ps, 2.0%;
400 ps, 3.7%; 2000 ps, 0.15%! the lifetime spectrumn(t)
~examples in Fig. 1! was analyzed as the sum of exponential
decay componentsn(t)5SI i exp(2t/ti). The positron in
statei ~e.g., the delocalized state in the lattice or localized
state at a vacancy! annihilates with a lifetimet i and an in-
tensity I i . A direct sign of vacancy defects in the sample is
obtained when the average lifetimetav5SI it i increases
above the lifetimetB obtained in the defect-free lattice.
In a positron lifetime experiment, positrons enter the
sample and thermalize att50. The vertical axis of the pos-
itron lifetime spectrum ~Fig. 1! shows the number of
positron-electron annihilations at a time channel of 25 ps. In
unirradiated Mg-doped GaN samples, only a single exponen-
tial decay component with a lifetimet5160 ps is observed
~Fig. 1!. As explained earlier,11 heavily Mg-doped GaN is
free of Ga vacancies trapping positrons, and the lifetimet
5tB5160 ps corresponds to positrons annihilating as delo-
calized particles in the defect-free GaN lattice. Our result
tB5160 ps is slightly smaller than that reported previously
~165 ps!.11 By measuring several reference samples~ .g.,
bulk Si, GaAs, and InP!, we confirmed that the shift is sys-
tematic and constant. We could attribute this to slight differ-
nces in the positron lifetime spectrometers, such as scintil-
lators, geometry, and electronic settings. The reproducibility
of the positron lifetime experiment, however, is within the
statistical error ofDtav50.3 ps.
The 2-MeV electron irradiations, with fluences ofF53
31017 and 131018cm22, increase the average positron life-
times by 2 and 5 ps, respectively. This increase is a direct
evidence of vacancy defects introduced in the samples in the
electron irradiation. Figure 2 shows the average positron life-
time tav at Tmeas5300 K as a function of the annealing tem-
peratureTann. Almost no recovery oftav is observed up to
Tann5450 K. At 500–600 K the average lifetime decreases,
and finally coincides with the positron lifetime of abouttB
5160 ps in defect-free GaN. The annealing curve is similar
for both irradiations, except that the absolute level oftav is
higher for higher fluences. The data of Fig. 2 indicate the
recovery of the irradiation-induced vacancy defect at 500–
600 K.
In heavily Mg-doped GaN bulk crystals, positrons are ef-
ficiently captured by the hydrogenic states around negative
Mg ions.11 This trapping prevents positrons from getting into
the vacancy defects, thus decreasing the average lifetime
tav. The influence of negative ions on the positron lifetime
spectrum becomes stronger at low measurement tempera-
tures, because fewer positrons are able to escape thermally
from the ions@binding energy is;60 meV ~Ref. 11!#. The
presence of negative Mg ions was verified in irradiated GaN
crystals of this work by observing a strong decrease oftav
when measurement temperature was lowered towardTmeas
580 K.
FIG. 1. Positron lifetime spectra in Mg-doped GaN before and
after electron irradiation. The spectrum obtained in as-grownn-type
GaN crystals~Ref. 11! is shown for comparison. The solid lines are
fits to the sum of exponential decay components convoluted with
the resolution function of the positron lifetime spectrometer.
FIG. 2. Average positron lifetime as a function of annealing
temperatureTann in two GaN samples irradiated to fluencesF. The
measurement temperature wasTmeas5300 K. The dashed line
shows the level of the average positron lifetime in as-grown
samples before irradiation.
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To minimize positron annihilation at Mg ions and maxi-
mize it at vacancies, we performed a high statistics~30
3106 counts! positron lifetime experiment at an elevated
temperature ofTmeas5400 K after annealing the sample at
450 K. The lifetime spectrum~Fig. 1! clearly has two expo-
nential components. The shorter component ist15150
62 ps, with an intensityI 158262 %. This is a superposi-
tion resulting from positron annihilations either as trapped at
negative MgGa ions ~the lifetime is t ion5tB5160 ps,
11 as
expected for negative ions with no open volume12,13! or as
delocalized particles in the lattice~the lifetime is less than
tB5160 ps due to both annihilation and trapping processes!.
The longer lifetime componentt2523565 ps, with an in-
tensityI 251862 %, corresponds to positrons trapped at the
irradiation-induced vacancy defect.
According to our earlier studies,3,11 the positron lifetime
spectrum inn-type GaN bulk crystals contains two compo-
nents, the longer of which is associated with positrons
trapped at native vacancy defects. As demonstrated with
similar decay slopes in Fig. 1, the positron lifetime at native
vacancies inn-type GaN is the same (t2523565 ps! as that
found in this work after electron irradiation. This means that
the native vacancy is the same defect as that introduced by
electron irradiation at 300 K, i.e., the open volume in both of
them corresponds to a single missing atom from the lattice
site.
The open volumes at Ga and N vacancies are very differ-
ent because N is a much smaller atom than Ga. This differ-
ence is directly reflected in the positron lifetimes. According
to theoretical calculations14 the unrelaxed N and Ga vacan-
cies yield positron lifetimes of 160 and 209 ps, respectively.
Furthermore, the calculated lifetime for the Ga vacancy14
becomes equal to the experimental value of 23565 ps if we
take into account that the N atoms surrounding the Ga va-
cancy relax outward by 5–10 % of the bond length.1,2 The
experimental positron lifetime oftV5t2523565 ps can
thus be attributed to the Ga vacancy, but not with the N
vacancy.14 The same identification can be unambiguously
made with the Doppler broadening spectroscopy.3,14 Further,
the nitrogen vacancies are expected to be positively charged
and thus repulsive to positrons in highly resistive GaN.1,2 Ga
vacancies are thus observed in positron lifetime experiments
both in n-type GaN bulk crystals as well as in Mg-doped
crystals after 2-MeV electron irradiation at 300 K.
The results of Fig. 2 demonstrate that the concentration of
Ga vacancies in 2-MeV electron irradiation increases with
the fluence. The quantitative analysis of theVGa concentra-
tions and the introduction rate can be done with the positron
trapping model.12 When positrons annihilate in the lattice
~lifetime tB!, at negative ions (t ion5tB), and at Ga vacan-
cies (tV) the average positron lifetime can be written simply
astav5(12hV)tB1hVtV , wherehV is the fraction of pos-
itron annihilations at vacancies:12
hV5
mVcV
tB
211mVcV1m ioncion /~11dtB!
. ~1!
We use the positron trapping coefficientsmV5m ion53
31015s21 at 300 K~Ref. 11! for Ga vacancies and negative
MgGa ions. The positron detrapping rate from the ions can be
expressed asd(T)}m ionT
23/2exp(2Eion /kBT), where Eion
560 meV ~Ref. 11! is the positron binding energy at the
Rydberg state of the MgGa ions. When the concentration of
negative ions is fixed to the Mg concentrationcion
51020cm23 determined in these crystals using secondary-
ion mass spectrometry,11 we can solve the Ga vacancy con-
centrations from the average positron lifetime and Eq.~1!
Note that the possible irradiation-induced negative ions do
not play any role in this analysis, because the concentration
of negative MgGa in the samples is 10–100 times larger than
that of any defect formed in the irradiation.
Figure 3 shows that the concentration of Ga vacancies
increases linearly with the electron irradiation fluence in the
range F5(0 – 10)31017cm22. The introduction rate is
roughlySV5cV /F51 cm
21. This is a typical value for pri-
mary defects formed in the irradiation. Furthermore, the
ame introduction rate has been determined for Frenkel pairs
in the nitrogen sublattice using 0.7–1-MeV irradiation.5 For
2-MeV electrons the electrical experiments show a total ac-
ceptor introduction rate of 1–2 cm21.15 This value is close to
that determined here for Ga vacancies, but other acceptors,
such as the N interstitials,5 most likely also contribute to the
total introduction rate of acceptors.
Chowet al.6 recently applied optical detection of electron
paramagnetic resonance to observe the interstitial Ga and
related defects in GaN after 2.5-MeV electron irradiation.
According to their results, the Ga interstitial is stable with
annealing up to room temperature, where it becomes mobile
and subsequently trapped, perhaps by oxygen impurities in
the sample. It is clear that this trapped Ga interstitial must
have left a Ga vacancy behind in the irradiation. Further-
more, the high concentration of oxygen@about 1020cm23
~Ref. 11!# enables an efficient trapping of Ga interstitials in
our samples. In perfect agreement with the results of Chow
FIG. 3. The concentration of Ga vacancies as a function of a
2-MeV electron irradiation fluence at 300 K. The solid line corre-
sponds to the introduction rate ofSV51 cm
21.
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et al.,6 we thus detect an irradiation-induced Ga vacancy af-
ter a similar 2-MeV irradiation at 300 K.
The results of Fig. 2 indicate that Ga vacancies recover in
30-min isochronal heat treatments at 500–600 K. At this
temperature, the electrical experiments of Looket al.5
showed an increase in electron mobility, most likely due to
the recovery of irradiation-induced defects acting as carrier
scattering centers. The defects associated with trapped Ga
interstitials are stable at 500–600 K, and anneal at clearly
higher temperatures of 700–900 K according to the ODEPR
experiments of Bozdoget al.7 and Lindeet al.8 This suggests
that Ga vacancies recover by becoming mobile defects at
500–600 K. Assuming that the vacancy takes roughly
103– 105 jumps with an attempt frequency 1013s21 in the
30-min annealing time, we can convert the recovery tem-
perature of 600 K to an activation energy of 1.5~2! eV. This
value can be taken as an estimate of the migration energy of
Ga vacancies in GaN.
The native Ga vacancies observed in as-grownn-type
GaN are stable up to much higher temperatures than 600 K,
where the irradiation-induced Ga vacancies recover~Fig. 2!.
This points out directly that the Ga vacancies formed during
the growth are not isolated but belong to stable defect com-
plexes, most likely with O impurities as suggested earlier.16
At growth temperatures~typically .1300 K!, negatively
charged Ga vacancies are mobile and migrate in the lattice
until they are trapped at positive oxygen donors. In fact, our
preliminary results show that native Ga vacancy complexes
recover in heat treatments at 1300–1500 K in samples grown
by metal-organic chemical vapor deposition at about 1300 K.
The recovery temperature of 1400 K corresponds to an acti-
vation energy of 3.7~2! eV, which can be interpreted as the
sumEM1EB of the migration energy ofVGa and the binding
energy of theVGa2ON complex. Taking the migration en-
ergy EM51.5(2) eV determined above, we obtain a binding
energy ofEB52.2 (4) eV for theVGa-ON pair. This value
is in excellent agreement with the theoretical estimates of
1.8–2.1 eV.1,2
In summary, we have obtained direct evidence of the for-
mation and thermal stability of Ga vacancies in 2-MeV
electron-irradiated GaN bulk crystals. The introduction rate
of Ga vacancies is about 1 cm21, which is a typical value for
primary defects, and close to those obtained previously for N
vacancies and interstitials in 0.7–1 MeV irradiations.5 The
Ga vacancies recover in heat treatments at 500–600 K. Ac-
cording to previous ODEPR experiments,6–8 Ga interstitials
are trapped by other defects at this temperature range and
anneal only above 700 K. We thus conclude that Ga vacan-
cies become mobile defects at 500–600 K, and recover in
long-range migration processes, with an estimated migration
energy of 1.5~2! eV. These results indicate that the native Ga
vacancies formed during the crystal growth are associated
with defect complexes, probably with the oxygen donors. We
estimate a binding energy of 2.2~4! eV for these complexes,
indicating that they are stable at the elevated growth tem-
perature of GaN.
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